Forkhead box subfamily O (FoxO) transcription factors upregulate target genes involved in skeletal muscle metabolism, cellular proliferation, stress resistance, and apoptosis and are regulated by protein kinase B (Akt) and extracellular signal-regulated kinase (ERK) phosphorylation. A recent study demonstrated that the phosphorylation of FoxO3a is directly induced by the overexpression of heat shock protein 72 (Hsp72) in rat soleus muscle; however, whether heat stress treatment induces FoxO3a phosphorylation in rat skeletal muscle remains unclear. Therefore, in this study, we evaluated the effects of heat stress on the regulation of FoxO3a signaling in rat skeletal muscle. Our data revealed that heat stress treatment resulted in a significant increase in FoxO3a phosphorylation (Ser253) in the soleus and plantaris muscles after 24 h. This may be due to upregulation of Hsp72 and activation of the phosphatase and tensin homolog deleted from chromosome 10 (PTEN)/Akt and mitogen-activated protein kinase/ERK kinase (MEK)/ERK pathways. We concluded that heat stress in rat skeletal muscles induces the phosphorylation of FoxO3a and the heat stress-induced FoxO3a phosphorylation may be related to Hsp72 upregulation as well as PTEN/Akt-and MEK/ERK-pathway activation.
Skeletal muscle size is determined by the balance between protein synthesis and degradation [1] , and molecular mechanisms essential for skeletal muscle hypertrophy and atrophy have been investigated. Forkhead box subfamily O (FoxO) transcription factors are thought to regulate target genes involved in metabolism, apoptosis, and cell cycle progression in skeletal muscle [2] . Downstream of FoxO signaling, two major proteolysis systems, i.e., the ubiquitin-proteasome and autophagy-lysosome pathways, play important roles in the induction of skeletal muscle atrophy [3] . FoxO transcription factors are required for atrogin-1 and muscle RING-finger protein-1 (MuRF1) transcription in response to catabolic stimuli [4] ; therefore, the inhibition of FoxO activity attenuates disuse muscle atrophy [5, 6] . Moreover, FoxO has been shown to be regulated by protein kinase B (Akt) and extracellular signal-regulated kinase (ERK) phosphorylation [7, 8] . These proteins phosphorylate FoxO transcription factors, leading to the
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exclusion of phosphorylated FoxO proteins from the nucleus and inhibition of their transcriptional function [8] .
Various factors are related to muscle hypertrophy and atrophy. Increase in the levels of heat shock protein 72 (Hsp72), induced by heat stress, leads to increased muscle weight and protein content [9] and attenuation of the decrease in muscle weight [10] [11] [12] . Hsp72 facilitates protein folding and is important in the repair of damaged proteins in response to various environmental stresses [13] . A recent study revealed that overexpression of Hsp72 inhibits FoxO3a-induced promoter activation of atrogin-1 in immobilized muscle, suggesting that FoxO3a signaling is directly regulated by Hsp72 during muscle wasting [6] (Fig. 1) . These data led us to hypothesize that heat stress itself or increased Hsp72 expression induced by heat stress may stimulate FoxO3a phosphorylation. However, whether environmental heat stress induces the phosphorylation of FoxO3a and upstream kinases in rat skeletal muscle has not been established.
To overcome this problem, we recently examined the effects of heat stress on FoxO3a signaling in rat skeletal muscle [14] . We immersed one leg of each rat into hot water (43°C) for 30 min after an overnight fast, and the soleus and plantaris muscles in both legs were removed immediately (0 min, n = 6), 30 min (n = 6), 60 min (n = 6), or 24 h (n = 6) after the heat stress. Our results demonstrated that heat stress in rat skeletal muscle led to FoxO3a phosphorylation at [5, 6] ). Heat stress induced the phosphorylation of FoxO3a in both slow-and fast-type muscles; this effect may be regulated by Hsp72 expression and the phosphatase and tensin homolog deleted from chromosome 10 (PTEN)/protein kinase B (Akt) and mitogen-activated protein kinase/extracellular signal-regulated kinase (ERK) kinase (MEK)/ERK pathways. Bold arrows indicate the results from the present study.
Ser253 after 24 h, although changes in FoxO1 phosphorylation at Ser256 were not observed [14] (Fig. 1) . Thus, our study demonstrated for the first time that heat stress treatment induced the phosphorylation of FoxO3a signaling, which has been implicated as a key regulator of muscle metabolism. Moreover, we also demonstrated that heat stress induced the upregulation of Hsp72 expression in a time-dependent manner in rat skeletal muscle [14] , consistent with previous observations [15] [16] [17] [18] . As described above, a recent report demonstrated that Hsp72 overexpression directly inhibits FoxO3a activation by dephosphorylation at Ser253 in atrophied rat soleus muscle [6] . Moreover, Hsp72 inhibits FoxO3a nuclear localization during muscle atrophy and therefore contributes to the maintenance of FoxO3a phosphorylation [5, 6] . Thus, our results indicated that heat stress with Hsp72 elevation may be an important factor for FoxO3a phosphorylation at Ser253 in vivo; however, future studies are required to clarify the contributions of Hsp72 to FoxO3a phosphorylation.
FoxO is regulated by Akt and ERK phosphorylation [7, 8] , leading to exclusion of phosphorylated FoxO proteins from the nucleus and inhibition of their transcriptional function [8] . Some investigators have shown that heat stress activates various kinases, such as Akt [19] [20] [21] and ERK1/2 [22] , in vitro. In addition, we recently reported that heat stress activates Akt/mammalian target of rapamycin (mTOR)/p70S6K signaling immediately after heat stress in rat soleus and plantaris muscles [23] . Our results indicated that heat stress immediately activates Akt and ERK1/2 through phosphorylation following heat stress in rat skeletal muscle [14] . Notably, the response of FoxO3a to various stresses is known to be dependent on time, whereas changes in upstream Akt and ERK phosphorylation status are observed as early as immediately following the treatment in vivo and in vitro [24] [25] [26] . Thus, we speculate that the activation of these two kinases by heat stress may contribute to subsequent FoxO3a phosphorylation, as observed in our study. Moreover, we also observed a decrease in phosphatase and tensin homolog deleted from chromosome 10 (PTEN) phosphorylation [14] , a negative regulator of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway [27] , and an increase in mitogen-activated protein kinase/ERK kinase (MEK) phosphorylation, a positive regulator of the ERK pathway [28, 29] . Nevertheless, these signaling pathways play major roles in other biological processes, including muscle adaptation, metabolism, and cell survival; however, they might not have an important role in FoxO3a phosphorylation induced by heat stress.
Although it is unclear whether a muscle type-specific response occurs in FoxO3a signaling, the expression of FoxO3a and FoxO1 protein was found to be higher in the fast-twitch plantaris muscle than in the slow-twitch soleus muscle [14] . A previous study demonstrated that FoxO1 expression was preferentially expressed in fast fiber-dominant gastrocnemius muscles, with relatively little expression in the slow fiber-enriched soleus muscle in mice [30] . Nevertheless, the FoxO3a phosphorylation ratio (Ser253) was greater in the soleus muscle than in the plantaris muscle, and this may be related to the muscle type-specific response of Hsp72 expression [17, 31] . Previous studies have demonstrated that the expression of basal levels of Hsp72 is higher in the slow-type muscle [31] and that the slow-type muscle shows a more rapid Hsp72 response [17] . Thus, the FoxO3a (Ser253) phosphorylation status may be partly dependent on the expression of Hsp72 in rat skeletal muscle after heat stress.
In summary, as shown in Figure 1 , heat stress induces phosphorylation of FoxO3a in rat skeletal muscle, and this signaling pathway may be regulated by Hsp72 expression and the PTEN/Akt and MEK/ERK pathways. Our data may partly explain the mechanism through which heat stress attenuates disuse muscle atrophy and provide insights into the utility of heat stress as an effective countermeasure for attenuating muscle atrophy. Further studies are required to clarify the relevance of heat stress-induced phosphorylation of FoxO3a and the kinase or phosphatase responsible for regulating FoxO3a signaling.
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